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TWO - STEP CODE GENERATOR FOR PHASE In another example of any of the above described MIMO 
CODED FREQUENCY MODULATED radar systems , each phase code in the second set of phase 

CONTINUOUS WAVE ( FMCW ) MULTI INPUT codes is a Binary Phase Modulation ( BPM ) phase code . 
MULTI OUTPUT ( MIMO ) RADAR In one example , a two - step optimization method for 

5 scheduling transmissions includes determining a first phase 
TECHNICAL FIELD code for each transmission according to a first equation , 

placing each first phase code in a set of first phase codes , and 
The present disclosure relates generally to phase coded determining a cost function of the set of first phase codes , 

frequency modulated continuous wave MIMO radar , and determining a second phase code for each transmission 
more specifically to a two - step code generation for the same . 10 according to a second equation , determining an updated cost 

function corresponding to replacing each of the first phase 
BACKGROUND codes with a corresponding one of the second phase codes , 

and determining which set of phase codes has a smaller cost 
Multi - input Multi - output ( MIMO ) radar is a type of function . 

phased array radar and employs digital receivers and wave- 15 In another example of the above two - step optimization 
form generators distributed across the aperture . MIMO radar method for scheduling transmissions , the first phase code for 
signals propagate similar to multistatic radar . However , each transmission is determined with consideration to only 
instead of distributing the radar elements throughout the phase codes already determined . 
surveillance area , antennas are closely located to obtain In another example of any of the above two - step optimi 
better spatial resolution , doppler resolution , and dynamic 20 zation methods for scheduling transmissions , the cost func 
range . MIMO radar may also be used to obtain low - prob- tion of the first set of phase codes is determined via equation 
ability - of - intercept radar properties . To improve MIMO 1 . 
radar systems , the systems are designed with orthogonal In another example of any of the above two - step optimi 
signals to support simultaneous transmission from multiple zation methods for scheduling transmissions , the second 
antennas . 25 phase code for each transmission is determined with con 

Existing methodologies to design orthogonal signal based sideration to phase codes corresponding to all transmitters in 
systems apply a random offset to a conventional linear a plurality of antenna . 
frequency modulation ( LFM ) signal for the frequency In another example of any of the above two - step optimi 
modulated continuous wave MIMO radar operation . Some zation methods for scheduling transmissions , the second 
physical systems are incapable of supporting such a random 30 phase code for each transmission is determined via equation 
offset , or are suboptimal while implementing such a system . 

In one example , a method for optimizing a multi - input 
SUMMARY OF THE INVENTION multi - output radar transmission includes initializing an array 

of phase codes using a first phase code generation process , 
In one example , a multi - input multi - output ( MIMO ) radar 35 the array of phase codes including a phase code correspond 

system includes a plurality of antenna , each antenna includ- ing to each of multiple transmitting antenna , generating a 
ing at least one transmitter and at least one receiver arranged cost function of the array of phase codes , determining a 
in a collocated configuration , a controller including a non- second phase code for a first transmitting antenna in the 
transitory memory storing instructions for causing the con- multiple transmitting antennas and generating an updated 
troller to schedule transmissions from the plurality of 40 cost function replacing the first phase code corresponding to 
antenna via determining a first phase code for each trans- the first antenna with the second phase code corresponding 
mission according to a first equation , placing each first phase to the first antenna , comparing the updated cost function to 
code in a set of first phase codes , and determining a cost the cost function and replacing the cost function with the 
function of the set of first phase codes and determining a updated cost function in response to the updated cost func 
second phase code for each transmission according to a 45 tion being smaller than the cost function , and iterating the 
second equation , determining an updated cost function cor- step of determining the second phase code for the first 
responding to replacing each of the first phase codes with a transmitting antenna in the multiple transmitting antennas 
corresponding one of the second phase codes and determin- and generating an updated cost function replacing the first 
ing which set of phase codes has a smaller cost function . phase code corresponding to the first antenna with the 

In another example of the above described MIMO radar 50 second phase code corresponding to the first antenna , com 
system , the first phase code for each transmission is deter- paring the updated cost function to the cost function and 
mined with consideration to only phase codes already deter- replacing the cost function with the updated cost function in 
mined . response to the updated cost function being smaller than the 

In another example of any of the above described MIMO cost function until the cost function has either converged or 
radar systems , the cost function of the first set of phase codes 55 reached a maximum . 
is determined via equation 1 . In another example of the above method , the first cost 

In another example of any of the above described MIMO function is generated using equation 1 . 
radar systems , the second phase code for each transmission In another example of any of the above methods , each 
is determined with consideration to phase codes correspond- updated cost function is generated using equation 2 . 
ing to all transmitters in the plurality of antenna . In another example of any of the above methods , initial 

In another example of any of the above described MIMO izing the array of phase codes using the first phase code 
radar systems , the second phase code for each transmission generation process includes iteratively generating phase 
is determined via equation 2 . codes . 

In another example of any of the above described MIMO In another example of any of the above methods , each 
radar systems , each phase code in the first set of phase codes 65 iteratively generated phase code is optimized for previously 
is a Binary Phase Shift Keying Modulation ( BPSK ) phase generated phase codes and is not optimized for prospectively 
code . generated phase codes . 

60 



US 11,366,212 B2 
3 4 

In another example of any of the above methods , each storing instructions for causing the controller 22 to imple 
phase code in the array of phase codes is a Binary Phase ment the scheduling process described below . 
Shift Keying Modulation ( BPSK ) phase code . Assuming a system 10 having P transmission channels , P 

In another example of any of the above methods , each phase codes are required in order to implement the corre 
phase code in the array of phase codes is a Binary Phase 5 sponding optimization system . Directly running the phase 
Modulation ( BPM ) phase code . code optimization can lead , in some systems , to exponential 

In another example of any of the above methods , the step increases in computational difficulty . When it does , current 
of determining the second phase code for the first transmit- systems can perform sub optimally , or not at all depending 
ting antenna in the multiple transmitting antennas and gen on the hardware implementing the MIMO system 10 . 
erating an updated cost function replacing the first phase 10 In order to optimize the phase codes , the system 10 uses 
code corresponding to the first antenna with the second a stack containing the phase codes , with the stack being an 
phase code corresponding to the first antenna , comparing the Nx1 vector for the each transmission in the stack , where N 
updated cost function to the cost function and replacing the is the total number of inputs in the MIMO radar system 10 . 
cost function with the updated cost function in response to Once the first transmission is on the stack , the initial phase 
the updated cost function being smaller than the cost func- 15 code design of the second transmission is placed on the 
tion until the cost function has either converged or reached stack , and this is iterated until there are P codes on the stack . 
a maximum includes is iterated once for each phase code in Thus , in the first step , the optimization system used in the 
the array of phase codes . system 10 optimizes each phase code as it is put on the stack , 

These and other features of the present invention can be rather than optimizing the entire stack each time a phase 
best understood from the following specification and draw- 20 code is added to the stack , thereby avoiding the exponential 
ings , the following of which is a brief description . computational complexity . The stack generated by the first 

step is referred to as the first set of phase codes . 
BRIEF DESCRIPTION OF THE DRAWINGS As the design of each phase code only considers the 

mutual interference to the phase codes already included in 
FIG . 1 illustrates an exemplary multi - input multi - output 25 the stack , the performance of the phase code decreases as the 

radar system . number of transmissions increases . In order to reduce the 
FIG . 2 schematically illustrates a particle swarm optimi- degradation of performance , the second optimization step 

zation for the multi - input multi - output radar system of FIG . occurs after the full transmission stack has been generated , 
1 . and considers all of the transmission codes in the stack . The 
FIG . 3 schematically illustrates a two - step optimization of 30 second step constructs a second set of phase codes and 

the particle swarm optimization of FIG . 2 . compares the second set of phase codes to the first set of 
phase codes to determine which set has a smaller cost 

DETAILED DESCRIPTION function . 
With continued reference to FIG . 1 , FIG . 2 illustrates an 

FIG . 1 schematically illustrates an exemplary collocated 35 exemplary optimization process 100 implemented in the 
multi - input multi - output ( MIMO ) radar system 10. The exemplary system 10. The two - step MIMO code optimiza 
exemplary system 10 includes a primary system 20 includ- tion process 100 is described with regards to a Binary Phase 
ing a transmitter and receiver simultaneously receiving Modulation based phase code . One of skill in the art can 
multiple transmissions 30 , and sending out multiple trans- adopt the process 100 to function with BPSK modulation . 
missions 32 to and from remote antennas 40. MIMO radar 40 Initially a size N BPM code is generated , where N is the 
systems , such as the exemplary system 10 , are systems of number of transmitting antenna 40 in the system 10 in an 
multiple antennas 40. Each of the antennas includes collo- initialization step 110. Once the initial BPM code is deter 
cated transmit and receive components . Each transmitting mined , the code is saved as a test array ( Ctest ) , and the level 
antenna 40 radiates an arbitrary waveform independently of of sidelobes ( referred to as the arrays cost function ) is 
the other transmitting antennas 40. Each receiving antenna 45 determined in a generate Ctest step 120. The initialization 
40 can receive the signals 30 from the transmitting antennas step is repeated until the full array is created , resulting in P 
40. Due to the different waveforms , the echo signals can be transmission codes . The initialization step 110 and the 
re - assigned to a single transmitter 40. From an antenna field generate Ctest step 120 combined form the first step ( step 1 ) 
of N transmitters 40 , where N is the number of transmitting of the two - step algorithm disclosed herein , with the remain 
antennas 40 , and a field of K receivers 40 , where K is the 50 der combining to form the second step ( step 2 ) of the two 
number of receiving antenna 40 , mathematically results in a step algorithm . 
virtual field of K : N elements with an enlarged size of a Once the initial codes have been determined the system 
virtual aperture . While illustrated in the example system 10 100 iterates the generation of Ctest by changing one value of 
as three concurrently transmitting antennas 40 and three Ctest each iteration to generate N new codes in a generate 
concurrently receiving antennas 40 , it is understood that the 55 new codes step 130. After generation of each new code , the 
number of concurrent transmissions and receipts can be cost function of the new code is calculated and compared to 
substantially larger in a practical implementation and three the cost function of the previous Nth code in a comparison 
of each are illustrated in the example system 10 for clarity . step 140. If the cost function of the updated code is less than 
The utilization of collocated antenna 40 improves the the cost function of the previously saved code , then the new 
degrees of freedom of the transmitting end and allows for 60 BPM code is saved to the Ctest code and replaces the old Nth 
more degrees of freedom , higher target parameter identifi- code in a replacement step 150. If , instead , the updated cost 
ability and a higher angular resolution . function is not less than the previous cost function of the Nth 

In order to optimize transmissions between the antennas code , the new BPM code is discarded and the existing BPM 
40 , Binary Phase Shift Keying Modulation ( BPSK ) or code is maintained in a maintain code step 155 . 
Binary Phase Modulation ( BPM ) is applied to each trans- 65 After each code is either replaced or maintained , the 
mitter via a controller 22 included within the primary system process 100 determines if the phase code Ctest has con 
20 , with the controller 22 including a non - transitory memory verged , or has reached a maximum cost function value in a 

2 

a 
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check for optimization step 160. If the code has not con- that reason , the following claims should be studied to 
verged or reached the maximum cost function value , the determine the true scope and content of this invention . 
optimization process 100 returns to the generate new codes The invention claimed is : 
step 130 , and changes the next Ctest value . If the phase code 1. A multi - input multi - output ( MIMO ) radar system com 
Ctest has converged or reached the maximum cost function 5 prising : a plurality of antenna , each antenna including at least one value , the code is output as the optimized code in an output transmitter and at least one receiver arranged in a 

collocated configuration ; With continued reference to the general optimization a controller including a non - transitory memory storing 
procedure described above , and illustrated in FIG . 1 , one instructions for causing the controller to schedule trans 
example implementation of an exemplary specific optimi- missions from the plurality of antenna via determining 
zation process . a first phase code for each transmission according to a 

In the first step ( step 1 ) the codes C1 , C2 , ce for first equation , placing each first phase code in a set of 
transmission 1 , transmission 2 , . . . , transmission Q ( where first phase codes , and determining a cost function of the 
Q is the transmissions number ) are generated . In order to set of first phase codes and determining a second phase 

code for each transmission according to a second generate the next code for the stack , the algorithm searches equation , determining an updated cost function corre the codes for ce + 1 using a particle swarm algorithm . The sponding to replacing each of the first phase codes with code vector Ctest is initialized with values at +1 and at -1 . a corresponding one of the second phase codes and 
This size of the code vector is N by 1 , where N is the code determining which set of phase codes has a smaller cost 
length . Then , the searching process is run to minimize a 20 function ; 
given cost function . Note that a low DC component and wherein the cost function of the first set of phase codes is 
small sidelobe for the waveform is desirable and the cost determined via equation 1 : 
function is given by equation ( 1 ) below . 

15 

- 

25 ? = ( 1 ) f ( CQ + 1 ) = max | DFT ( CqCQ + 1w ) | + 
q = 1 

a [ | DFT ( CqCQ + 1w ) | ] center ? center_bins ' 

f ( CQ + 1 ) = + 1 + Ša = max | DFT ( CqCQ + 1w ) | + a [ | DFT ( CqCQ + 1w ) | ] center bins 
q = 1 

35 
? P 

= + 

q = 1 , q # R q = 1 , q + R 

P P 
= + 

q = 1,97R q = 1 , q + R 

45 

where w is a Chebyshev window , a is an adjustable weight 
In equation ( 1 ) , w is a Chebyshev window , a is an 30 ing coefficient , DFT ( D ) is the discrete Fourier transform ; 

and adjustable weighting coefficient , DFT ( g ) is the discrete wherein the cost function of the second phase code for Fourier transform . At this stage , the code optimization only each transmission is determined via uation 2 : considers the previous transmissions , so the performance of 
each of the codes decreases as Q increases . 

To avoid the degradation , and make the performance of 
the channels more balanced , the code is optimized in step 2 g ( CR ) = ? max | DFT Cqcrw ) ] + É a [ DFT ( Cacrw ) center.binsº 
for R = 2 , 3 , ... P with an updated cost function defined in 
equation ( 2 ) 

40 where w is a Chebyshev window , a is an adjustable weight 
ing coefficient , DFT ( O ) is the discrete Fourier transform . ( 2 ) 

g ( CR ) = max | DFT ( C?CRW ) ] + a [ | DFT ( CqCRW ) llcenter- bins ? . 2. The MIMO radar system of claim 1 wherein the first 
phase code for each transmission is etermined ith con 
sideration to only phase codes already determined . 

3. The MIMO radar system of claim 1 , wherein the second 
With continued reference to FIGS . 1 and 2 , FIG . 3 phase code for each transmission is determined with con 

illustrates the end code design using the following steps . sideration to phase codes corresponding to all transmitters in 
Initially c ; is set as all - one vector in an initialize vector step the plurality of antenna . 
210. Once initialized , the optimization process of FIG . 2 is 4. The MIMO radar system of claim 1 , wherein each 
applied use the cost function defined in equation 1 for Q = 1 , so phase code in the first set of phase codes is a Binary Phase 
2 , ... , P - 1 , and the codes are initialized randomly in a first Shift Keying Modulation ( BPSK ) phase code . 

5. The MIMO radar system of claim 1 , wherein each cost function generation step 220. Once all of the codes are phase code in the second set of phase codes is a Binary Phase initialized , step 2 of the optimization process is operated . In Modulation ( BPM ) phase code . step 2 , the updated cost function is determined according to 6. A two - step optimization method for scheduling trans equation 2 for R = 2 , 3 , ... , P in a second cost function 55 missions comprising : 
generation step 230 , where R is the index of the channel for determining a first phase code for each transmission ; code optimization . Once the updated cost function has been placing each first phase code in a set of first phase codes , determined by equation 2 , the comparison step 140 ( shown and determining a cost function of the set of first phase in FIG . 2 ) is performed , and the end result is saved , or not codes , wherein the cost function of the first set of phase saved according to steps 150 , 155. Finally , the phase codes 60 codes is determined via equation 1 : are output in an optimized form in the output step 240 , 170 . 

It is further understood that any of the above described 
concepts can be used alone or in combination with any or all 
of the other above described concepts . Although an embodi- f ( cQ + 1 ) = max | DFT ( CqC9 + 1W ) ] + ? ? a [ | DFT ( CqCQ + 1w ) ] ] center_b . 
ment of this invention has been disclosed , a worker of 65 
ordinary skill in this art would recognize that certain modi 
fications would come within the scope of this invention . For 

2 

- - Žalores ' 
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where w is a Chebyshev window , a is an adjustable weight- cost function being smaller than the cost function until 
ing coefficient , DFT ( O ) is the discrete Fourier transform ; the cost function has either converged or reached a 

determining a second phase code for each transmission ; maximum ; 
determining an updated cost function corresponding to wherein the cost function of the first set of phase codes is 

replacing each of the first phase codes with a corre determined via equation 1 : 
sponding one of the second phase codes , wherein the 
updated cost function of the second phase code for each 
transmission is determined via equation 2 : 

5 

f \ core ) = Š max | DFT ( CqcQ - 1W ) 1 + ?allDFT ( CqC0-1 Western = 
center_bins ' 

q = 1 q = 1 10 

P 

? allDFT ( CqcRW llcenter bins = 

15 

P 

20 center_bins ' 
q = 1,90R q = 1 , q7R 

P 

8 ( CR ) = max | DFT ( CqCkw ) | + where w is a Chebyshev window , a is an adjustable weight 
q = 1 , q + R q = 1 , q7R ing coefficient , DFT ( D ) is the discrete Fourier transform ; 

and 

where w is a Chebyshev window , a is an adjustable weight wherein the cost function of the second phase code for 
ing coefficient , DFT ( D ) is the discrete Fourier transform ; each transmission is determined via equation 2 : 
and 

determining which set of phase codes has a smaller cost 
function . g ( CR ) = ? + ? max | DFT ( CqCkW ) ] + a [ [ DFT ( c?crw ) ] center 7. The two - step optimization system of claim 6 wherein 

the first phase code for each transmission is determined with 
consideration to only phase codes already determined . 

8. The two - step optimization system of claim 6 , wherein where w is a Chebyshev window , a is an adjustable weight 
the second phase code for each transmission is determined 25 ing coefficient , DFT ( D ) is the discrete Fourier transform . 
with consideration to phase codes corresponding to all 10. The method of claim 9 , wherein initializing the array 
transmitters in a plurality of antenna . of phase codes using the first phase code generation process 

9. A method for optimizing a multi - input multi - output comprises iteratively generating phase codes . 
radar transmission comprising : 11. The method of claim 10 , wherein each iteratively 

initializing an array of phase codes using a first phase 30 generated phase code is optimized for previously generated 
code generation process , the array of phase codes phase codes and is not optimized for prospectively generated 
including a phase code corresponding to each of mul phase codes . 
tiple transmitting antenna ; 12. The method of claim 9 , wherein each phase code in the 

generating a cost function of the array of phase codes ; array of phase codes is a Binary Phase Shift Keying Modu 
determining a second phase code for a first transmitting 35 lation ( BPSK ) phase code . 

antenna in the multiple transmitting antennas and gen 13. The method of claim 9 , wherein each phase code in the 
erating an updated cost function replacing the first array of phase codes is a Binary Phase Modulation ( BPM ) 
phase code corresponding to the first antenna with the phase code . 
second phase code corresponding to the first antenna , 14. The method of claim 9 , wherein the step of determin 
comparing the updated cost function to the cost func- 40 ing the second phase code for the first transmitting antenna 
tion and replacing the cost function with the updated in the multiple transmitting antennas and generating an 
cost function in response to the updated cost function updated cost function replacing the first phase code corre 
being smaller than the cost function ; and sponding to the first antenna with the second phase code 

iterating the step of determining the second phase code for corresponding to the first antenna , comparing the updated 
the first transmitting antenna in the multiple transmit cost function to the cost function and replacing the cost 
ting antennas and generating an updated cost function function with the updated cost function in response to the 
replacing the first phase code corresponding to the first updated cost function being smaller than the cost function 
antenna with the second phase code corresponding to until the cost function has either converged or reached a 
the first antenna , comparing the updated cost function maximum comprises is iterated once for each phase code in 
to the cost function and replacing the cost function with the array of phase codes . 
the updated cost function in response to the updated 

45 


